Chloride is a nutrient that accumulates to millimolar levels in plants under most growth conditions, including in almost all soil-grown plants. These relatively high chloride concentrations (relative to the demand for chloride in photosynthesis) are beneficial to plants including non-halophytes, as the addition of chloride to the growth medium above the micromolar level increases biomass. As chloride is not metabolized and its only known essential function is in the oxygen-evolving complex in PSII, we discuss how chloride could be beneficial, especially in comparison with nitrate. We review the different routes taken by chloride in plants, from uptake and translocation to the shoot, and inside the cell in different organelles, including different transport mechanisms and the proteins identified. As the selectivity of many proteins to chloride and nitrate is not well established, the mechanisms within proteins to achieve selectivity of one anion over the other are explored. We further discuss the role of chloride as an osmoticum, why it might be preferentially used instead of other anions, and how chloride content in plants might beneficially influence nitrogen use efficiency and water-holding capacity.
Introduction
Plants actively acquire significantly more chloride (Cl -) than expected for a micronutrient, with a significant growth and biomass increase upon Cl -addition occurring when it is present within plants beyond micronutrient levels (Terry, 1977; Smith et al., 1987; Franco-Navarro et al., 2016) . Even plants such as Citrus species, which are sensitive to excessive Cl -accumulation, increase their Cl -uptake when transferred from micromolar concentrations (sufficient to eliminate deficiency) to low millimolar concentrations (Brumós et al., 2010) . This indicates that tissue Cl -concentrations above micronutrient levels are preferred-even in Cl --sensitive plants. While trace amounts of Cl -are required for photosynthesis (Kawakami et al., 2009) , Cl -deficiency reduces plant growth before reducing photosynthetic efficiency (Terry, 1977) . Clearly, Cl -must have other beneficial properties for plant growth. Flowers (1988) (Jeschke and Pate, 1991; Dietz et al., 1992; Fricke et al., 1994) . It seems that Cl -is not only a cheap but also a beneficial osmoticum.
Chloride is an essential element
The only known essential function of Cl -is in photosynthesis, where two Cl -ions are required in each oxygen-evolving complex of PSII (Kawakami et al., 2009) . Despite the abundance of photosynthetic proteins in green organs of plants, only micromolar amounts of Cl -are required to meet this demand ( Fig. 1) . Therefore, Cl -is classified as a micronutrient, with tissue concentrations of 100-200 µg (~2.8-5.5 µmol) g −1 in terms of shoot dry weight being sufficient in most glycophytes to avoid chlorosis (Johnson et al., 1957; Marschner, 1995) . A notable exception is kiwifruit (Actinida deliciosa), which requires higher Cl -concentrations (Smith et al., 1987) . Some halophyte species also require higher amounts of salt (NaCl) to achieve optimal growth, but studies investigating this usually do not separate the effects of Na + and Cl -, except for sugar beet (Beta vulgaris) (Terry, 1977) . Sugar beet shows a significant decrease in biomass and therefore suboptimal growth when Cl -is supplied at low millimolar levels (Terry, 1977) . The reason for this is currently unknown.
When not incorporated into the oxygen-evolving complex, Cl -is stored mainly in vacuoles (Malone et al., 1991; Fricke et al., 1994) and accumulates in the lumen and stroma of chloroplasts (Robinson and Downton, 1984) . Besides the essential function of Cl -in PSII, Cl -has roles in regulating enzyme activity: the enzyme asparagine synthetase (Rognes, 1980) and the tonoplast V-ATPase (Churchill and Sze, 1984) are specifically activated by Cl -, yet how this occurs remains unresolved; it is unclear whether Cl -acts as a cofactor, or increases the activity of enzymes and pumps in another way. Chlorinated plant hormones have also been found in some plants; the chlorinated form of auxin (4-chloroindole-3-acetic acid) plays a key role in pericarp growth and is therefore found in reproductive structures of several species (Reinecke et al., 1995) , often in higher concentration than the non-chlorinated form (Lam et al., 2015) . It is unknown if these species require more Cl -to achieve optimal reproduction. However, it was shown that chlorinated auxin is restricted to members of the Fabaceae, which excludes a common role for chlorinated auxin in all plant species (Lam et al., 2015) and cannot explain the increased biomass upon Cl -addition in non-Fabaceae species.
Chloride fluxes

Uptake
Chloride uptake under normal soil concentrations requires energy, and is therefore an active process. Surprisingly, no Cl -import protein in the plasma membrane of any cell type has been cloned and functionally characterizedalthough it must exist. Proton (H + )/Cl -symporters have been identified in the plasma membrane of green algae (Chara coralline) and in root hairs of wild mustard (Sinapis alba), using radiotracers and ion-selective microelectrodes, respectively (Sanders, 1980; Felle, 1994) . In addition to secondary active uptake, passive Cl -uptake is also possible. Sudden addition of high NaCl depolarizes the plant cell membrane potential, due to Na + influx and high [Cl -] ext . Under such conditions, a fast-acting electrogenic Cl -and NO 3 -channel was observed in patch-clamped wheat root protoplasts that activated close to the reversal potential for Cl -, and was inhibited by the anion channel Fig. 1 . Influence of different Cl -concentrations on plants, including the inhibition or promotion of cellular processes and effects on growth. Chloride is a micronutrient and deficiency causes stress symptoms such as chlorosis. With increasing Cl -concentrations, the anion has positive effects on plant growth and fitness. Excessive Cl -concentrations lead to toxicity symptoms, which include reduced photosynthesis.
blocker 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS) (Skerrett and Tyerman, 1994) . This phenomenon was also observed in Arabidopsis expressing the Cl --(and NO 3 --) sensitive reporter Clomeleon. Lorenzen et al. (2004) observed pH-independent Cl -and NO 3 -influx into Arabidopsis roots exposed to 100 mM NaCl or NaNO 3 , suggesting passive influx and indicating that the protein mediating the influx is either permeable to both Cl -and NO 3 -, or similar uptake mechanisms exist for both anions (see 'Selectivity' below). Using the same reporter plants, it was shown that Cl -influx into Arabidopsis root epidermal cells under 150 mM [NaCl] ext occurs in two distinct phases: a fast 'depolarization' phase, and a slower 'saturation' phase (Saleh and Plieth, 2013) . The slow phase was inhibited by anion channel blockers, while the saturation phase was not (Saleh and Plieth, 2013) . These phases might represent two separate pathways for Cl -influx-a fast, channel-mediated passive influx that operates upon initial membrane depolarization, and a slower, active uptake that enables Cl -to accumulate to high millimolar cytoplasmic concentrations. This bi-phasic influx is in accordance with the Nernst equation, which predicts that passive Cl -influx upon 100 mM NaCl-induced depolarization (to -50 mV) would equilibrate at 14 mM [Cl -] cyt (Saleh and Plieth, 2013) . As barley root cells contained >300 mM [Cl - ] cyt at 100 mM [Cl -] ext (Britto et al., 2004) , a component of Cl -influx must be active, even at high external concentrations. Similar to the situation in plants, a high-affinity H + -coupled Cl -transporter activity was also identified in yeast (Saccharomyces cerevisiae), yet no gene could be assigned to it (Jennings and Cui, 2008) , highlighting the general challenge to identify Cl -transporters, not just in plants. 
Root to shoot translocation
Apoplastic tracers, radioactive tracer flux experiments, and measurements of [Cl - ] in xylem sap exudates indicate that the key rate-limiting step of root to shoot Cl -transport is efflux from xylem parenchyma and pericyle cells to the root xylem apoplast (Cram and Pitman, 1972; Brumós et al., 2010; Tregeagle et al., 2010; Gong et al., 2011; Abbaspour et al., 2014; . This Cl -efflux to the xylem sap is tightly regulated by Ca 2+ and abscisic acid (ABA). Patch clamp experiments showed that intracellular Ca 2+ and extracellular ABA (Köhler and Raschke, 2000; Gilliham and Tester, 2005) Cl uptake into, Xenopus laevis oocytes (Li et al., 2016) . Furthermore, differences in shoot Cl -were found when NPF2.4 was down-regulated in planta, indicating a possible role for NPF2.4 in root xylem loading of Cl -in non-saline conditions ( Fig. 2) (Li et al., 2016) . Co-expression of SLAH1 (SLow-type Anion Channelassociated 1 protein, SLAC1, Homologue 1) with SLAH3 revealed a large Cl -conductance in X. laevis oocytes compared with SLAH3 alone . Proteins of the SLAH family are trimers (Chen et al., 2010) , and the SLAH3 homotrimer is NO 3 -selective and a component of the S-type anion channel current in guards cells with its transport activated by Ca 2+ -mediated phosphorylation (Geiger et al., 2011) . However, SLAH3 is also present in root pericycle cells, as is SLAH1, which is pericycle specific. This suggests that SLAH1/SLAH3 heteromerization facilitates SLAH3-and/or SLAH1-mediated Cl -efflux from pericycle cells into the root xylem vessels (Fig. 2) . Arabidopsis mutants with reduced expression of SLAH1 contained lower shoot Cl -under control conditions than null segregants, while SLAH1 overexpressors contained a greater amount of shoot Cl -under high NaCl . SLAH1 promoter activity and transcript levels were reduced by ABA Qiu et al., 2016) , providing a link with earlier observations of regulated anion efflux in protoplasts (Köhler and Raschke, 2000; Gilliham and Tester, 2005) . Whether Ca 2+ also regulates the Cl -transport activity of SLAH1/SLAH3 remains to be determined. This mechanism represents an elegant solution for Cl -transport: when Cl -is present in non-toxic concentrations (e.g. 10 mM), SLAH1 is expressed and the heterotrimer of SLAH3 and SLAH1 transports both NO 3 -and Cl -. Given the low cytosolic NO 3 -concentrations (Walker et al., 1995) and high Cl -conductance of the channel, the complex most probably transports mainly Cl -in vivo. Under high Cl -, SLAH1 expression is down-regulated by ABA, which provides a switch to preferential NO 3 -root-to-shoot translocation, while minimizing Cl -, to avoid toxic concentrations of Cl -in shoots . 
Chloride fluxes in chloroplasts
As Cl -is required for photosynthesis, it would be logical to assume that chloroplasts possess efficient Cl -transport mechanisms. Surprisingly, relatively little is known about Cl -regulation in chloroplasts. Chloroplasts isolated from spinach (Spinacia oleracea), barley, and pea (Pisum sativum) leaves were significantly enriched in Cl -compared with whole leaves, and while potassium (K + ) leaked out of chloroplasts during washing, Cl -did not (Robinson and Downton, 1984 -is incorporated more into proteins. Cl -toxicity in plant leaves might therefore occur when vacuoles exceed their Cl -storage capacity. The chloroplast-localized chloride channel (CLC) from Arabidopsis, CLCe, is located on the inner thylakoid membrane (Marmagne et al., 2007) , while another protein, VCCN1, was demonstrated as being a voltagedependent Cl -channel on thylakoid membranes that regulates the proton motive force during illumination (Herdean et al., 2016b) . These channels potentially represent an essential component in potentiating membrane voltage swings at the start of photosynthetic activity.
Chloride fluxes in specialized cells
During sexual reproduction, pollen tubes elongate rapidly and exclusively from the apex towards the ovule, which requires large cytoplasmic ion fluxes and gradients. It appears that Cl -is the dominant anion, yet many studies do not separate Cl -and NO 3 -. Although not unequivocally demonstrated, it is thought that pollen tube ion fluxes, especially Cl -fluxes, generate osmotic gradients for water influx and pollen cell expansion (Tavares et al., 2011b; Hepler and Winship, 2015) . This indicates that Cl -controls water movement and water content of cells, apart from just serving as a charge balance. Non-oscillatory Cl -influx occurs along the pollen tube shaft, and oscillatory Cl -efflux occurs from the tip (Zonia et al., 2001 (Zonia et al., , 2002 . Patch clamping of Lilium longiflorum pollen grain protoplasts detected large Cl -currents (Tavares et al., 2011a) , and expressing a fluorescent anion sensor in tobacco pollen tubes identified tip-focused oscillations in cytosolic Cl -and/or NO 3 - (Gutermuth et al., 2013) . SLAH3 is the one protein so far identified as being important in mediating pollen tube anion fluxes. SLAH3 interacts with Ca 2+ -dependent kinases (CPK) CPK2 and CPK20, and mutants of slah3 and cpk2/cpk20 have reduced Cl -currents, and even larger reductions in NO 3 -currents (Gutermuth et al., 2013) . Root hairs, like pollen tubes, also display apical cell growth, and a similar set of proteins are expressed (Becker et al., 2014) , suggesting that Cl -fluxes might be important in root hairs (Fig. 3 ). Guard cells are an extensively studied model system for ion fluxes, with many reviews covering ion channel/transporter activity in this cell type ( Fig. 3) (Hedrich, 2012; Munemasa et al., 2015) ; we therefore give only a brief summary. Chloridepermeable proteins in guard cells include SLAC1 and ALMT12 (=QUAC1, for Quickly Activated Anion Channel 1), which are components of the S-type and R-type currents, respectively. SLAC1 and ALMT12 mediate Cl -efflux from guard cells during stomatal closure, which requires a decrease in guard cell water content (Vahisalu et al., 2008; Meyer et al., 2010) , while the tonoplast Cl -channel ALMT9 is involved in stomatal opening and therefore in turgor increase (De Angeli et al., 2013) . Plasma membrane-localized SLAH3 is also expressed in guard cells and contributes to the S-type currents (Geiger et al., 2011) . Whether SLAH3 transports mainly NO 3 -in guard cells, as its conductivity in oocytes suggests, or if Cl -is also transported, similar to the situation in pollen tubes, remains to be tested. It was shown, however, that guard cell-specific overexpression of SLAH3 can complement the phenotype of slac1 knockout mutants, including guard cell Cl -content, indicating that at least in this cell type, SLAH3 can fulfil the roles of the Cl -channel SLAC1 (Negi et al., 2008) . SLAH1, which increases Cl -conductivity in the SLAH3/SLAH1 complex, is not expressed in guard cells. Despite the intense research on Cl -fluxes in guard cells, it is not known if Cl -is essential for optimal stomata function, and if Cl --deficient plants show a decreased (but still sufficient) ability to regulate guard cell turgor in planta.
The roles of chloride in vacuoles and the endomembrane system Cl -is likely to have crucial, but poorly understood roles in the endomembrane system (Fig. 2 ) that are probably not explained by simply providing an electric shunt for movement of cations and H + (Stauber and Jentsch, 2013) . This is highlighted by the multitude of processes impaired in knockout mutants of (putative) endomembrane Cl --permeable proteins (Fig. 3) (Colmenero-Flores et al., 2007; von der FechtBartenbach et al., 2007; Guo et al., 2014) .
The Arabidopsis ALuminium-activated Malate Transporter 9 (ALMT9) is a vacuolar Cl -channel involved in regulating stomatal movements and Cl -sequestration in roots (De Angeli et al., 2013; Baetz et al., 2016) . Surprisingly, salt-stressed almt9 mutants have lower shoot [Cl - ], although it could be expected that a plant with reduced root vacuolar Cl -sequestration capacity would have greater shoot [Cl -]. These plants had altered expression of mRNAs encoding plasma membrane anion transporters-a possible response to disturbed intracellular Cl -homeostasis (Baetz et al., 2016) . Alternatively, vacuolar Cl -accumulation could be important for a constant supply of Cl -for xylem loading. How Cl -fluxes across different cellular membranes are co-ordinated is largely unknown; the concentration of nucleotides such as ATP might be important (De Angeli et al., 2016) . Some ALMT proteins are inhibited by γ-aminobutyric acid (GABA), which rises during stress events such as drought, anoxia, and salinity (Ramesh et al., 2015) ; and GABA might co-ordinate Cl -transport via ALMTs localized in different membranes (Gilliham and Tyerman, 2016) . Future investigations into the selectivity and pharmacology of ALMTs might reveal additional transporters/channels involved predominantly in Cl -fluxes in this protein class. The plant CLC family of endomembrane proteins includes a number of vacuolar proteins that possibly contribute to Cl -fluxes across the tonoplast (Fig. 2) . CLC proteins contain a stretch of amino acids, called a 'selectivity motif', which includes one amino acid inside the pore region. This amino acid is crucial in defining their transport selectivity of Cl -or NO 3 -. Arabidopsis CLCc is, according to its selectivity motif, a putative Cl -transporter. Transcripts of CLCc are enriched in guard cells, and clcc knockout mutants are impaired in guard cell turgor changes (Leonhardt et al., 2004; Jossier et al., 2010) . However, direct evidence of the selectivity of CLCc, for example by patch clamping, is missing. Expression of both CLCc and the putative Cl -channel CLCg impacts salt tolerance in Arabidopsis (Nguyen et al., 2016) . The reason for this is unclear, though originally it was speculated that reduced Cl -compartmentalization in root cells in clcc/ clcg double mutants was the reason; however, more recent results on almt9 contradict this Baetz et al., 2016; Nguyen et al., 2016 (Stauber and Jentsch, 2013; Zifarelli, 2015) . Additionally, Cl -transport is dispensable for the acidification of some organelles, especially the more acidic lysosomes. The mammalian CLC-7, which is an antiporter like CLC-5, is not required for charge balance during acidification of lysosomes, as was assumed previously (Zifarelli, 2015) . It therefore remains an open question whether or not Arabidopsis CLCd is required for these functions in the TGN. It would be interesting to investigate if a channel version of plant CLCd could complement any of the phenotypes observed in clcd knockouts.
Another endomembrane transporter involved in Cl -movement is the endoplasmic reticulum (ER)-localized CHX homologue (GmSALT3/CHX1/NCl1) in soybean (Glycine max) roots (Guan et al., 2014; Liu et al., 2016) . GmSALT3 shows high homology to the Arabidopsis CHX20, an ER-localized K + /H + transporter in guard cells (Chanroj et al., 2011 (Chanroj et al., , 2013 . However, the selectivity of GmSALT3 is unknown, and animal CHX homologues have been shown to transport Cl - (Chintapalli et al., 2015) .
The cation-chloride co-transporter (CCC) is localized to the Golgi and TGN in Arabidopsis and also at least partially in rice (Nikolovski et al., 2012; Groen et al., 2014; Chen et al., 2016) . ccc mutants have greater shoot Cl -under salt stress (Colmenero-Flores et al., 2007; and CCC might therefore be important for Cl -retrieval from the xylem sap, or influence shoot [Cl -] in an indirect way. Interestingly, rice ccc knockout mutants accumulate less Cl -in roots under standard conditions, while the shoot Cl -content was not measured (Chen et al., 2016) . ccc knockout mutants are compromised in a great array of functions, including silique and pollen development, leaf shape, apical dominance, and shoot elongation zone establishment in Arabidopsis (Johnson et al., 2004; Colmenero-Flores et al., 2007) and root elongation in rice (Chen et al., 2016) . How the TGN-localized CCC influences such a broad variety of processes is unknown, and it highlights how little we currently understand about the intracellular function of Cl -transporters.
Chloride-nitrate dynamics
The micronutrient Cl -and the macronutrient NO 3 -show strong dynamic interactions in land plants, for instance a higher tissue concentration of Cl -leads to a lower concentration of NO 3 -and vice versa; however, whether more vacuolar NO 3 -(and less Cl -) is always beneficial remains to be investigated. Unlike Cl -, NO 3 -is metabolized, but the two monovalent anions share very similar physical properties in solution, and the selectivity of proteins for Cl -and NO 3 -is often ambiguous.
Selectivity
It was suggested that the bulk of Cl -enters higher plant cells via NO 3 -transporters, as addition of exogenous Cl -inhibits NO 3 -uptake (Teakle and Tyerman, 2010) . This interpretation may imply that Cl -inadvertently leaks into cells due to structural limitations in transport proteins and poor selectivity. This concept might be misleading. Physiologically relevant leaks clearly occur in nature; for example, cadmium (Cd 2+ ) enters cells in small amounts through iron (Fe 2+ ) transporters. However, cadmium fulfils no role in plants and is toxic in very low tissue concentrations (Connolly et al., 2002) . It is unlikely that Cl -, without any benefit for the plant, would 'leak' into cells at high millimolar amounts. Transporters permeable to NO 3 -but not Cl -have been identified, demonstrating that plants possess mechanisms for excluding Cl -efficiently. If Cl -accumulation in the millimolar range was disadvantageous, evolutionary pressure would have led to selection of plants harbouring almost exclusively NO 3 --selective transporters, such as SLAH2 or NPF2.3 (Segonzac et al., 2007; Maierhofer et al., 2014) . In contrast, there is evidence that some proteins have a dual role in transport of NO 3 -and Cl -, for example SLAH3 in guard cells (NO 3 -) and in pollen tubes (Cl -and NO 3 -) (Table 1 ) (Gutermuth et al., 2013) . To understand the tight connection of Cl -and NO 3 -transport, it is helpful to understand how these two anions are discriminated by proteins, and the different types of selectivities that exist. Examples from protein families with resolved crystal structures and known NO 3 -/Cl -permeabilities are given below.
An example of a Cl -channel with high NO 3 -permeability is SLAC1, which has at least 10 times greater permeability for NO 3 -than for Cl - (Geiger et al., 2009) . SLAC1 might fulfil the function of a Cl -channel in planta due to different cytosolic concentrations of NO 3 -and Cl -, or due to differences in conductance (see below), but pure Cl -selectivity in SLAClike proteins is either not beneficial to plants or not structurally achievable. Alternatively, SLAH2 from the same protein family, is almost exclusively selective for NO 3 -and does not facilitate Cl -movement across membranes. Two amino acids were identified in SLAH2 that render the wild-type protein Cl -impermeable (Maierhofer et al., 2014) . SLAH2 possesses a polar serine at position 228 (S228), while the Cl --and NO 3 --permeable SLAC1 harbours a non-charged valine at the corresponding position. As S228 is not directly inside the pore of SLAH2, the exact mechanisms of how it confers Cl -impermeability remain to be elucidated. In addition to S228, mutation of an important pore residue (Phe231 to alanine) enables Cl -transport through SLAH2 (Maierhofer et al., 2014) . Further examples of NO 3 --specific transporters are NPF2.3 and NPF2.7, which mediate NO 3 -efflux out of protein vesicles derived from Lactococcus and Arabidopsis vesicles, respectively, and not of Cl - (Segonzac et al., 2007; Taochy et al., 2015) . NPF and SLAH protein families therefore both comprise proteins that are able to transport NO 3 -, while Cl -transport is excluded. Perhaps the most thoroughly investigated anion channels and transporters at the structural level are the CLCs. Many CLCs show a higher permeability to Cl -than to NO 3 -; for example, the bacterial CLC-ec1 (Accardi et al., 2004) , but all CLC proteins are permeable to NO 3 -as well, which is a remarkable difference compared with nitrate transporters in SLAHs and NPFs, which can be impermeable to Cl -. There are CLCs that preferentially transport NO 3 -, but these are only found in NO 3 --assimilating organisms, providing strong evidence that they evolved from Cl -transporters (BarbierBrygoo et al., 2011) .
The difficulty of some proteins to achieve Cl -over NO 3 -selectivity is also the case for animal Cl -transporters, for example the human anion-channel CFTR (Linsdell, 2016) . At first this seems puzzling as Cl -has the smaller ionic radius with 1.87 Å (Schmid et al., 2000) , compared with NO 3 -with ~3 Å (Richards et al., 2012; Xie et al., 2015) . Yet, the spatial dimension of the NO 3 -ion is not a sphere, as the ion is planar and can therefore fit through much smaller pores than expected when calculating with a 'radius' of 3 Å (Richards et al., 2012) . There are several other important differences between the two anions. Cl -(a halide) has a tightly bound hydration shell, while NO 3 -(an oxyanion) has a relatively labile hydration shell (Hummer et al., 1996; Xie et al., 2015) . Crystal structures of NPF (Sun et al., 2014) and SLAC (Chen et al., 2010) family proteins demonstrate that the anions pass the protein pores without their hydration shell. A protein that is able to strip the tightly bound hydration shell from Cl -might therefore always be able to do so for NO 3 -. Many anion-permeable proteins therefore show the same permeability sequence of NO 3 ->Br ->Cl ->F -, which reflects exactly the sequence of how easily the anion is dehydrated. This is called a 'lyotropic' sequence (Linsdell, 2016) and is often found in proteins with a straight permeation pore and a weak field strength inside the pore. The bacterial SLAC1 homologue TehA, for example, has no charged amino acids facing the pore that could facilitate interaction with the charged anion or the polar water molecules (Chen et al., 2010) . This observation might explain why there are NO 3 --permeable proteins in the SLAH family that do not have Cl -permeability, namely SLAH2. These proteins are not able to strip the more tightly bound hydration shell of Cl -, but can do so with NO 3 -. According to the crystal structure, there are also no charged amino acids chains facing the pore of NPFs and their homologues (Zheng et al., 2013; Sun et al., 2014) , indicating that NPFs have a lyotropic permeability sequence. Surprisingly, the Arabidopsis Cl -efflux carrier NPF2.4 stimulates passive Cl -transport, and not NO 3 -transport, in X. laevis oocytes (Li et al., 2016) , which would contradict this. Interestingly, this channel is activated by the monovalent cations Na + and K + , which is unique among NPFs tested so far, leading to the question of whether cations are involved in this unexpected selectivity in NPF2.4. It would be interesting to investigate whether NPF2.4 could be rendered NO 3 -permeable if the cation dependency was removed.
In contrast, CLC proteins that harbour a strong field strength in their pore due to the presence of charged amino acids can be more Cl -selective than NO 3 -selective (Accardi, 2015) . CLCs usually display a permeability sequence of Cl -> Br ->NO 3 ->F ->I -. This sequence is not the complete inverse of the lyotropic sequence mentioned above, as not only does the hydration shell energy play a role, but also the diameter of the anion and how well it directly interacts with the protein. Cl -over NO 3 -selectivity in CLCs is possibly achieved by the very constricted pore pathway for the anion, in which strong interaction between anion and protein are required for transport (Accardi, 2015) . Indirect evidence for this comes from isothermal titration calorimetry assays on the bacterial Cl -transporter CLC-ec1. CLC-ec1 shows a 20 times higher affinity for Cl -compared with NO 3 -and is much more permeable to Cl -than to NO 3 -, yet 30% more energy is required for Cl -binding to the protein compared with NO 3 - (Accardi et al., 2004; Picollo et al., 2009) .
Taken together, protein families with channels or transporters preferentially permeable for either Cl -or NO 3 -exist. Complete NO 3 -selectivity is possible, but might not be beneficial, especially as permeability (which anion preferentially binds to the protein) and conductance (the speed at which the anion passes through the protein) are often not connected. The human Cl -channel CFTR has a higher permeability to NO 3 -than to Cl -, but shows a higher conductance for Cl -, meaning that when the two ions compete, NO 3 -binds to the protein preferentially, but Cl -passes it faster, leading to greater currents (Linsdell, 2016) . A similar situation is found for Cl -/NO 3 -transport through SLAH3. SLAH3 switches from NO 3 --predominant conductance to higher Cl -conductance upon dimerization with SLAH1, while the permeability for both ions remains the same .
Nitrogen use efficiency and chloride
Nitrogen use efficiency (NUE) is an important agricultural trait, defined as biomass or seed yield per gram of applied nitrogen fertilizer. Increasing NUE benefits farmers and the environment by reducing crop production costs and lowering harmful input of NO 3 -into ecosystems. High Cl -concentrations can lower NUE, maybe by restricting NO 3 -translocation to shoots and by Cl -occupying the storage space for NO 3 -in shoot vacuoles (Teakle and Tyerman, 2010) . Nitrate release from vacuoles determines NO 3 -reduction capacity, which occurs mainly in photosynthetic tissues (Aslam et al., 1976) , hence shoot vacuolar NO 3 -storage is crucial for NUE. Arabidopsis knockout mutants of the tonoplast ATPase (aha2/aha3) are compromised in vacuolar storage capacity (NO 3 -accumulation is reduced by ~80%) and a severe growth phenotype exists (Krebs et al., 2010) . This phenotype is partly alleviated when plants are grown under continuous light-allowing continuous NO 3 -reduction. Therefore, NO 3 -reduction is rate limiting for biomass production in aha2/aha3 mutants (Krebs et al., 2010) . However, as the aha2/aha3 mutant still remains smaller than the wild type, this strongly suggests that NO 3 -storage in shoot vacuoles is important for optimal cytosolic NO 3 -supply. Han et al. (2016) showed that a rapeseed (Brassica napus) variety with high NUE accumulates less root and more shoot NO 3 -due to differential expression of plasma membrane NPF proteins. Additionally, by inhibiting the root vacuolar ATPase, and subsequently decreasing root NO 3 -storage, an even higher NUE was achieved (Han et al., 2016) . Although Cl -content was not measured, their results indicate that NUE might be increased if root vacuolar NO 3 -storage is decreased by Cl -substitution. A general reduction in tonoplast ATPase activity would probably induce other severe effects on plants, and thus might not be an ideal strategy to breed higher NUE crops. The vacuolar Cl -channel ALMT9 is a promising target to influence Cl -accumulation and it would be interesting to investigate if plants overexpressing ALMT9 specifically in roots have a higher NUE, especially when combined with overexpression of the xylem NO 3 -loader NPF7.3 and/or the shoot xylem unloader NPF7.2.
Another important consideration for NUE is net NO 3 -uptake (sum of NO 3 -influx and efflux), as root NO 3 -efflux can be almost as high as NO 3 -influx (Delhon et al., 1995) . This seemingly futile cycle in NO 3 -transport represents a large decrease in overall energy efficiency, as NO 3 -uptake is a (secondary) active process. The energy required for NO 3 -uptake could be as high as 20% of total energy available in the plant, or 40% if efflux is also considered (Kurimoto et al., 2004) . Whether this NO 3 -cycling occurs in the same cell or through different tissues is unclear; however, some NO 3 -efflux may play a role in NO 3 -sensing, while anion efflux in general might be important to short-circuit H + -ATPase activity at the plasma membrane to maintain charge balance (Hawkesford et al., 2012) . Unlike endomembranes, where the role of anions in charge balance seems less important (Stauber and Jentsch, 2013) , ion concentrations outside the cell cannot be tightly controlled in roots, and cation influx might not be available to balance proton efflux. However, NO 3 -efflux to the rhizosphere would be a risky strategy to maintain charge balance, as NO 3 -is a sparse macronutrient, highly mobile in water and easily leached, becoming inaccessible to plants. Root NO 3 -efflux is usually characterized in media with virtually no Cl -, for example 28 μM for Arabidopsis (Segonzac et al., 2007) , 36 μM for ryegrass (Morgan et al., 1973) , or 50 μM for soybean (Delhon et al., 1995) . Under normal conditions,
Cl
-efflux from roots might replace most of the observed NO 3 -efflux, which remains to be tested.
Turgor and osmoregulation
Cell turgor is generated by accumulating organic and inorganic molecules and ions, including proline, sucrose, malate, K + , and NO 3 -. Chloride can act as a plant osmoticum (Flowers, 1988) , but is often described as a cheap osmoticum that replaces NO 3 -and malate under non-favourable nutrient and light conditions. It is speculated that Cl -addition liberates these other osmotica for use in other functions, which could explain the observed biomass increase upon Cl -addition (Flowers, 1988) . However, NO 3 --replete plants also have increased biomass when Cl -is supplied, although there should be no need to liberate the abundant NO 3 -from its osmoticum role (Terry, 1977; Smith et al., 1987; Franco-Navarro et al., 2016) , indicating that Cl -cannot be sufficiently replaced by NO 3 -as an osmoticum. Franco-Navarro et al. (2016) showed that Cl -boosts tobacco (Nicotiana tobaccum) cell expansion and therefore increases leaf surface area. While NO 3 -addition produced the largest biomass increase, Cl -increased biomass and leaf area significantly, which concomitantly increases the photosynthetic area. Cl -addition and accumulation consequently resulted in higher NUE. This is achieved by developing larger rather than more cells (Franco-Navarro et al., 2016) .
Other evidence points to Cl -being a preferred osmoticum. Some tissues and cell types accumulate higher Cl -than others, also under non-stressed conditions (Fig. 3) . These cells generally undergo frequent turgor changes or are important for organ expansion, including leaf petiole and epidermal cells, guard cells (Jeschke and Pate, 1991; Dietz et al., 1992; Fricke et al., 1994) , and most probably pollen tubes (Tavares et al., 2011a; Gutermuth et al., 2013) -the latter remains to be tested in planta. It would be interesting to see if cells in the root and shoot elongation zones also contain more Cl -compared with other cells in the root, especially when grown under ample NO 3 -supply, or if Cl -is important for lateral root emergence (Fig. 3) , which requires substantial turgor changes (Vermeer et al., 2014) . In barley, cell elongation speed in excised coleoptiles is more than double in solutions containing 1 mM KCl compared with 1 mM KNO 3 , suggesting that the function of Cl -in cell elongation cannot efficiently be replaced by other anions (Burdach et al., 2014 (Walker et al., 1995) . Therefore, moving Cl -across the cytosol might be a more neutral option for cells undergoing frequent turgor changes. Franco-Navarro et al. (2016) also showed that Cl --fed plants have greater water-holding capacity. Cl -supply at macronutrient levels is therefore important for optimal water retention. This might be linked to the observation that higher Cl --containing plants have lower stomatal conductances (Franco-Navarro et al., 2016) , but further evidence is needed to establish the contribution of stomatal aperture in this. As presented earlier, Cl -has a more tightly bound hydration shell than NO 3 -. The hydration shell energy is -373 kJ mol −1 for Cl - (Marcus, 1991) and -322 kJ mol −1 for NO 3 - (Xie et al., 2015) ; therefore, it takes 15% more energy to remove the water molecules from the Cl -anion. It might take longer for a Cl --containing plant to wilt, but it remains to be tested if Cl -is involved in drought tolerance.
The role of Cl -in turgor could be assessed using mutants with turgor phenotypes. It has been shown that CCC is important for cell elongation in rice. ccc mutants have smaller cells and subsequently shorter, narrower roots compared with the wild type, suggesting a role for CCC in cell expansion (Chen et al., 2016) . Necrosis in the inflorescence elongation zone was observed in Arabidopsis ccc, further supporting CCC as being important for cell elongation (Fig. 3) (ColmeneroFlores et al., 2007) . It remains to be tested if CCC proteins are permeable to NO 3 -as well as Cl -, yet no changes in NO 3 -content were reported in any ccc mutants.
Energy requirement for turgor establishment
Nitrate influx into isolated vacuoles elicits changes in pH gradient and membrane potential, indicating that NO 3 -requires simultaneous transport with H + via secondary active transport (Blumwald and Poole, 1985; De Angeli et al., 2006) . However, Cl -transport changes only the tonoplast membrane potential, indicating that it occurs predominantly via H + -independent fluxes (Blumwald and Poole, 1985) . This indicates that the energy required for accumulating these two anions is different. In agreement with this, the tonoplast V-ATPase knockout mutant aha2/aha3 is able to accumulate as much Cl -, but not NO 3 -, as the wild type under both control and salt treatment, at least on the whole-cell level (Krebs et al., 2010) . In Arabidopsis, most NO 3 -accumulation (~50-60%) is achieved by the NO 3 -/H + transporter CLCa, making NO 3 -accumulation directly dependent on the pH gradient across the tonoplast and therefore on the activity of the tonoplast V-ATPase (De Angeli et al., 2006) . CLCa can also transport Cl -in isolated vacuoles, but whether this occurs in planta remains to be tested and might be unlikely as expressing a Cl --hyperselective version of CLCa did not cause higher Cl -accumulation in Arabidopsis seedlings (Wege et al., 2010) . Chloride accumulation, however, is mainly mediated by a channel, ALMT9 (De Angeli et al., 2013; Baetz et al., 2016) (Storey and Walker, 1999; Brumós et al., 2010) , grapevine (Walker et al., 2002; Tregeagle et al., 2010) , and soybean (Abel and MacKenzie, 1964; Abel, 1969; Phang et al., 2008) . A link exists between excessive shoot Cl -accumulation and inhibition of the photosynthetic machinery; however, the mechanism by which this occurs is unclear. In NaCl-treated plants, the relative effects of Na + and Cl -are difficult to compare and therefore some studies have used mixed salts to isolate the toxic effect of each ion. Tavakkoli et al. (2011 Tavakkoli et al. ( , 2010 used mixed salts to generate soils enriched in Na + , Cl -, or NaCl but with similar water potentials and electrical conductivities. These soils were then used to compare the relative and additive effects of Na + and Cl -on broad bean (Tavakkoli et al., 2010) and barley (Tavakkoli et al., 2011) . Addition of 100 mM Cl -was more inhibitory than the same concentration of Na + to broad bean growth, height, and dry weight, but Na + and Cl -inhibited photosynthesis additively in both species. In poor Cl --excluding barley varieties and in broad bean, Cl -stress caused large reductions in chlorophyll content, efficiency of light harvesting, quantum yield of PSII, and increased photochemical quenching (Tavakkoli et al., 2011) . Similarly, Genc et al. (2016) used Na + -humate to study the ionic effects of Na + toxicity in barley without interference from Cl -. In this study, NaCl-treated wheat, but not Na + -humate-treated wheat, developed leaf chlorosis in old leaves, indicating that Cl -was more toxic than Na + to these barley leaves (Genc et al., 2016) . In the context of salt tolerance, it would be valuable to identify how plants sense and signal in response to changes in root-zone [Cl -]. In broad bean (Vicia faba) roots, Cl -supply in the form of l-cysteinium chloride led to transient shoot apoplast alkalinization, subsequent increases in the membrane-permeable form of ABA surrounding guard cells, and eventually stomatal closure (Geilfus et al., 2015) . This happened before Cl -reached the shoot, demonstrating a long-distance signalling event upon Cl -addition, of which we do not know any components.
Insights from unusual species
While most species, such as Arabidopsis, tomato (Solanum lycopersicum), or barley, are able to grow on low Cl -(28-70 μM) without showing chlorosis (Johnson et al., 1957; Lejay et al., 1999) , some plants differ. For example, Cl -addition above micronutrient levels is crucial to prevent deficiency symptoms in the salt-sensitive kiwifruit (Smith et al., 1987) . Kiwifruit develops leaf chlorosis and does not reach optimal growth and yield without 10 times higher Cl -supply compared with many other plant species (700 μM) (Smith et al., 1987) .
Cl
-deficiency in kiwifruit is further accompanied by a reduction in leaf surface area, and swelling in the root elongation zone (Smith et al., 1987) . These symptoms are not alleviated through NO 3 -addition. Kiwifruit root swelling under low Cl -might indicate a role for Cl -in cell wall or microtubule formation, as radial root swelling in the elongation zone is a typical phenotype of mutant plants disrupted in these processes (Li et al., 2015; Braybrook and Jonsson, 2016 
Conclusions and outlook
Chloride fluxes drive essential plant physiological processes. The role of Cl -is frequently associated with pollen tubes and guard cells, where Cl -fluxes are utilized for cell elongation and stomatal aperture regulation. These processes are ultimately dependent on turgor changes to enable cell expansion. Nitrate, the other very abundant monovalent inorganic anion in plants, is likely to be able to fulfil all of the roles as well, however with less efficiency. At the whole-leaf level, Cl -has been shown to be indispensable for turgor-driven cell expansion and subsequent development of optimal shoot biomass. Addition of Cl -also enhances leaf succulence, which might be explained by the physical characteristics of the Cl -ion compared with NO 3 -. Furthermore, endomembrane organelles most probably exploit Cl -for volume regulation at the intracellular level, and not simply as a counterion to balance cation fluxes. The reason plants use Cl -and not exclusively NO 3 -for cell and organellar volume changes might be explained by molecular characterization of chloride-selective membrane proteins, which suggests that the uptake and storage of Cl -is more energy efficient than those of NO 3 -. Additionally, transport of Cl -across thylakoid membranes through VCCN proteins is important for photosynthesis, and might have an important role in stabilizing the large charge movements in active chloroplasts. These exciting discoveries demonstrate that Cl -has crucial functions, beyond its longestablished role as a cofactor in PSII, that no other anion can replace with equal efficiency. This may explain the evolution of plant Cl -transporters that prefer Cl -, but are inherently selective to NO 3 -due to structural limitations. Future research should take advantage of the beneficial properties of Cl -for producing crops with enhanced nutrient, water, and energy use efficiencies. Hence, Cl -is not simply a 'cheap osmoticum' that leaks into cells, but a beneficial plant macronutrient.
